Previous studies have identified over 3,000 genes that are differentially expressed in male and female skeletal muscle. Here, we review the sex-based differences in skeletal muscle fiber composition, myosin heavy chain expression, contractile function, and the regulation of these physiological differences by thyroid hormone, estrogen, and testosterone. The findings presented lay the basis for the continued work needed to fully understand the skeletal muscle differences between males and females.
The Mammalian Myosin Heavy Chain Gene Family and Muscle Fiber Types
Because the myosin motor protein is so closely linked to muscle function, it is important to consider the effects of sex on myosin gene expression. There are 11 myosin heavy chain (MyHC) genes that encode different myosin isoforms in mammals (77) . Table 1 lists these genes and the muscle fibers in which they are expressed. Four of these genes constitute the majority of MyHCs expressed in adult mammalian skeletal muscle: MYH1 (MyHCIIx), MYH2 (MyHC-IIa), MYH4 (MyHC-IIb), and MYH7 (MyHC-␤). Although there are varying degrees of MyHC isoform co-expression in single skeletal muscle fibers, individual fibers often contain a predominant MyHC isoform. Thus individual fibers may be "typed" or classified by MyHC isoform expression, with four main classifications in mammalian skeletal muscle: type-I (MyHC-I/␤), type-IIA (MyHC-IIa), type-IIX (MyHC-IIx), and type-IIB (MyHC-IIb).
Functionally, MyHC isoform expression directly affects muscle fiber-type contractile velocity via myosin ATPase activity (74) , with relative velocities of I Ͻ IIA Ͻ IIX Ͻ IIB (73, 74) . Importantly, MyHC isoform expression closely correlates with fibertype morphology and enzymatic make-up. In general terms, muscle fibers expressing MyHC-IIb tend to be larger fibers, rich in glycolytic enzymes, whereas fibers expressing MyHC-I/␤ tend to be smaller with a higher oxidative capacity. In addition to these functional differences across fiber types, there are species differences in MyHC isoform expression and, therefore, differences in skeletal muscle fiber-type composition. For example, rodent skeletal muscle (especially mouse) is predominantly comprised of muscle fibers expressing MyHC-IIb, with an overall MyHC abundance across murine muscles of IIb Ͼ IIx Ͼ IIa Ͼ I/␤. In contrast, human skeletal muscle does not express MyHC-IIb protein, a phenomenon that appears to be, at least in part, due to a reduction in the activity of the human MyHC-IIb promoter region (37) . In contrast to murine skeletal muscle, the overall MyHC isoform abundance across human skeletal muscles is I/␤ Ͼ IIa Ͼ IIx, although there are certainly regional and muscle-specific differences in MyHC isoform expression, as described below.
Sex-Based Differences in Fiber-Type Composition
Overall, evidence to date suggests that skeletal muscle fiber-type composition is dependent on species, anatomical location/function, and sex. In general terms, MyHC isoform expression tends to be "slower" (i.e., higher relative expression of MyHC-I/␤ and MyHC-IIa) in larger mammals compared with smaller mammals. As mentioned above, these species differences in MyHC isoform expression are most pronounced with respect to the MyHC-IIb gene. Across individual muscle groups (at least in rodents), deeper postural muscles such as the soleus tend to have higher relative expression of MyHC isoforms associated with a more oxidative phenotype (MyHC-I/␤ and MyHCIIa), whereas superficial muscle groups, such as the gastrocnemius, tend to be comprised almost entirely of muscle fibers expressing MyHC-IIx and MyHC-IIb. Although studies investigating sexbased differences in muscle fiber type are somewhat limited, there is also evidence of sexual dimorphisms with respect to muscle fiber-type composition ( Table 2) .
The mouse masseter is composed of high numbers of IIX fibers in both sexes; however, there are threefold fewer IIB fibers and more IIA fibers in females compared with males (27) . Another study of male and female mouse masseter also finds threefold fewer fibers expressing MyHC-IIb in females compared with males (22) . Male rabbit masseter is comprised of nearly 80% type-IIA fibers, whereas the female masseter contains only ϳ50% (28) . Separating the rabbit masseter into 10 different muscle compartments reveals that two of the compartments consist of more type-IIA fibers in young males vs. more type-I fibers in young females (27) . For illustrative purposes, FIGURE 1 is an immunohistochemical analysis that highlights potential sexually dimorphic regional differences in MyHC isoform expression in the mouse hindlimb. For example, MyHC-IIa expression is higher in males vs. females in the soleus (58% in males vs. 36% in females) and tibialis anterior (TA) (39% in males vs. 25% in females), whereas in the plantaris, IIa expression is higher in females (37%) than in males (16%).
Just as in experimental animal models, myosin isoform mRNA and protein composition can be very different between men and women. Many human studies are conducted on the vastus lateralis muscle due to the relative ease of sample collection. Analysis of mRNA from both male and female vastus lateralis biopsies by microarray shows (when normalized to ␣-actinin) that the female muscle has 35% more MyHC-I/␤, 30% less MyHC-IIa, and 15% less MyHC-IIx mRNA than the corresponding male muscle (96) . Type-I fibers account for 36% of the total biopsy area in men and 44% in women, whereas type-IIA fibers account for 41% in men and only 34% in women (89) . Overall, in this analysis, the average MyHC isoform percentages in the male vastus lateralis are IIx (20%), IIa (46%), and I (34%), whereas the females samples are IIx (23%), IIa (36%), and I (41%) (89) . Additionally, all of the fibers measured in men have significantly larger cross-sectional areas (CSA) compared with women as normalized to biopsy section area (89) . The difference in CSA seems likely to be due to the overall greater mass in males compared with females since the increase in CSA is nearly proportional to the differences in mass.
Contractility
Studies on chemically skinned human fibers reveal that MyHC isoform composition is the key determinant of muscle fiber contractile velocity and rate of force development (11, 72) . Although evidence suggests that maximum unloaded shortening velocity is not different between young male and female fibers (25) , sex-based differences are seen during fatigue recovery and endurance testing (Table 3). Analysis of tetanic force in the mouse masseter shows no significant differences between the sexes on force production (22) . However, the same study reveals that, during a tetanic force protocol, the maximal rate of force generation is significantly higher in males than in females (516 vs. 382 g/s). Additionally, the rate of relaxation is significantly faster in the male masseter during a tetanus compared with the female masseter (41 vs. 48 ms) (22) . MyHC-M Jaw muscle
The capacity for fatigue of a muscle is an indicator of recovery capabilities and can differ between species and sex. Generally, male muscles are more fatigable than female muscles. In vivo studies on fatigue focus on the ability to maintain the contractile strength of a muscle. This maintained contractile force is measured as exerted force or maximal voluntary contraction from single or multiple muscle fibers. At the start of a fatigue experiment, the maximal voluntary contraction is determined for each subject and used to quantify the relative force decline during the protocol. Although there are reports of sex-based differences in fatigability, the reasoning for these differences in fatigability could be associated with differences in muscle substrate utilization, neuromuscular activation, or muscle morphology (38) . Additionally, fatigue can be induced through impairment of central drive or motivation, neuromuscular propagation, or peripherally through the impairment of excitation-contraction coupling (30, 32) .
Studies on elbow flexor and knee extensor muscles show a significant loss of motor unit activation in males vs. females following a standard fatigue protocol (1) . Although forces exerted by both young men and women are not significantly different, endurance is lower for men than for women (11 vs. 18 min) (39) . In the elbow flexor muscle, endurance time to fatigue is 1,806 s in females and 829 s in males (40) . After intermittent bouts of isometric contraction (5 s on and 5 s off) in the adductor pollicis muscle, women fatigue more slowly and to a smaller degree than men (31) . Specifically, force falls to ϳ93% of the maximum in women vs. 80% in men after Ͻ1 min of exercise (31) . Endurance is longer in women (15 min) compared with men (8 min), and after reaching exhaustion, recovery occurs faster in women than in men (31) . Fatigue also appears to be muscle-specific, as evidenced by analysis of both the biceps femoris and lumbar extensors for fatigability. More specifically, women fatigue similarly in both muscles, whereas men fatigue more in the lumbar musculature compared with the biceps femoris (19) . These studies suggest that force generation and relaxation are faster during fatigue in men compared with women, whereas endurance is higher and recovery is quicker in women than in men. These differences in muscle performance between men and women may be due to the larger numbers of type-I fibers in women that are characterized by slow oxidative metabolism and thus higher endurance. Overall, these studies lay the groundwork for more extensive basic research on sex differences in skeletal muscle composition and function.
Hormonal Regulation of Myosin Isoforms
It seems logical that hormones contribute to sexual dimorphisms in fiber-type composition and contractility. In fact, hormonal regulation of skeletal muscle development and contractility are well documented (29, 70) . Skeletal muscle is a major target of thyroid hormone (42) ; estrogen exerts its effects on the cardiovascular and musculoskeletal systems (45) ; and testosterone is heavily studied for its pro-hypertrophic/anabolic effects on skeletal muscle. Fiber-type composition and contractile function can be altered by the presence or removal In the soleus, IIa expression is 58% in the male 36% in the female. In the plantaris, IIa expression is16% in the male and 37% in the female. In the tibialis anterior muscle, IIa expression is 39% in the male and 25% in the female. Green staining identifies IIa fibers, whereas red staining identifies IIb fibers. of specific hormones. In the following section, we present findings on the effects of thyroid hormone, estrogen, and testosterone on contractility, fiber type, and the differences that occur between the sexes.
Thyroid Hormone
Thyroid hormone (T3) can regulate MyHC gene expression (42) . T3 affects muscle protein expression at the posttranscriptional, translational, and posttranslational levels (for review, see Ref. 15) . Individuals with hypothyroidism, or an underactive thyroid, typically display symptoms such as low heart rate, fatigue, weight gain, muscle weakness, a conversion from fast to slow fiber types (41) , and a more efficient energy metabolism (5).
Hypothyroidism produces a lower type-II fiber percentage in male and female patients compared with healthy patients (63) . Hypothyroid females appear to have a higher proportion of type-II fibers compared with hypothyroid males; however, type-II fiber atrophy occurs in hypothyroid female patients but not in males (63) . Graves' disease, a common immune disorder, is characterized by an overproduction of T3 or hyperthyroidism. According to the Mayo Clinic, individuals with Graves' disease typically experience symptoms such as difficulty sleeping, fatigue, sensitivity to heat, and a rapid or irregular heartbeat (www.mayoclinic.org). Treatment of euthyroid animals with T3 induces hyperthyroidism, producing a reversible slow-tofast MyHC isoform transition from I ¡ IIa ¡ IIx ¡ IIb (for review, see Ref. 78) . Before treatment with T3, almost all soleus muscle myofibers in male and female rats express type-I fibers (101) . Four weeks of T3 treatment induces an increase in type-IIA fibers and a downregulation of type-I fibers in male and female rat soleus muscle (57, 101) . Specifically, after treatment with T3, male rat soleus muscle expresses 73% type-I/IIA and 26% type-I/IIAX of the total fibers, whereas females express 37% type-I, 49% type-I/IIA, and only 6% type-I/IIAX fibers (101) . Overall, the increase in IIX content from the type-I/IIAX fibers is greater in young T3-treated males (21%) than females (10%), and the upregulation of IIA is greater in young females (43%) than in young males (27%) (101) . In another study of euthyroid animals, treatment with T3 induces expression of IIX in the soleus of aged male rats (4 -15%), whereas there is no detectable IIX in females at any age (52) . The rat extensor digitorum longus (EDL) contains predominately fast MyHC isoforms (IIa, IIx, and IIb). Hypothyroidism leads to elevated levels of MyHC-IIa mRNA compared with MyHC-IIb mRNA in rat EDL (47) . Long-term treatment with T3 in euthyroid rats (for 24 wk) results in a decrease in mRNA levels and the percentage of protein isoforms for MyHC-IIb and MyHC-IIa in the EDL muscle (93) . Other studies in rat EDL and TA show that chronic hyperthyroidism enhances MyHC-IIb mRNA, downregulates MyHC-IIa mRNA, and leads to a decrease in IIa protein levels with no change in IIb protein levels compared with euthyroid control animals (47) . T3 treatment in euthyroid animals leads to a conversion from IIA to IIB fibers in the EDL of young and old female rats vs. no transition in males (52) . Table 4 summarizes the fiber-type changes in distribution as it relates to sex and thyroid hormone levels. These studies highlight the differences in fiber-type conversion as it relates to sex and pinpoints the differences in IIx expression in males and females. These fine differences in fiber-type contribution could effectively change contractile function, endurance, and the response to fatigue.
Contractile regulation by thyroid hormone. T3 is typically implicated in cardiac contractility, but there are also studies showing T3 effects on skeletal muscle contractility (16, 43) . In hyperthyroid individuals, ATP turnover rate is faster than in normal individuals, whereas in hypothyroid individuals, ATP turnover is slower (99) . Analysis of hyperthyroid canine quadriceps femoris muscle reveals a T3-induced increase in maximal contractile rate and in rate of relaxation over euthyroid levels (65) . Given the T3-induced sex-based differences in fiber-type conversion, it is logical to hypothesize that T3 may produce differences in contractility between the sexes. Contractility of rat soleus and EDL is not different in maximal unloaded shortening velocity in isolated fibers (type I, I/IIA, and I/IIAX) between hyperthyroid males and females. However, a faster shortening velocity is observed in soleus fibers from hyperthyroid females (old and young) compared with euthyroid controls (25) . On the other hand, other reports have not seen T3-dependent differences in shortening velocity of EDL muscle and only slight variances in soleus (57) . These studies suggest a potential role for T3 in skeletal muscle contractility and in sex-based differences that may exist in the response to changing T3 levels but point to the need for further investigations.
Thyroid hormone receptors and estrogen receptors are suggested to interact in a way that modulates estrogen-sensitive gene expression (26, 102) . Thus the effects of estrogen on skeletal muscle fiber-type composition may correlate with the previously described findings on the effects of T3 on skeletal muscle.
Estrogen
The relationship between estrogen and skeletal muscle function and recovery has been analyzed for decades. In the following section, we present the current understanding of the effects of estrogen and its changing levels on skeletal muscle physiology. In humans, a decline in estrogen can be due to conditions such as hypogonadism, hypopituitarism, anorexia nervosa, perimenopause, or menopause. During menopause, the decline in estrogen levels is paralleled with a slight increase in injury risk and a decline in lean body mass (9) . Animal models of low estrogen levels, which occur after ovariectomy (OVX), reveal an increase in overall body mass and in the mass of individual muscles (68) . Skeletal muscle is an estrogen-responsive tissue such that estrogen receptor (ER) mRNA and protein levels change with circulating estrogen levels (7). Skeletal muscle expresses two forms of ERs (␣ and ␤), and the effects of estrogen are mediated, in part, through these receptors (14, 21, 56, 98) . In male and female vastus lateralis muscle, expression of ER␣ mRNA is 180-fold higher than ER␤, with no significant difference in expression levels between males and females (98) . Additionally, immunohistochemical analysis highlights ER␣ and ER␤ localization to the nuclei of skeletal muscle equally in males and females (97, 98) . ER␣-null mice have a decreased muscle regenerative capacity following injury, as evidenced by small myofibers and centrally located nuclei (50) . This decline in regenerative capacity is thought to be directly related to findings that estrogen is associated with maintenance of muscle strength in preand postmenopausal women (69) and suggests a role for ERs in skeletal muscle maintenance (64, 84, 85, 88) .
Mechanism of action. Estrogen is thought to induce cellular effects, such as transcription, through the activation of ERK1/2 and p38 followed by phosphorylation of both cAMP response element-binding protein and elk-1, which play a role in regulating the early c-Fos gene (75) . Estrogen has anti-apoptotic effects through the PI3K/Akt pathways (10) . Additionally, the IGF-1 pathway, which plays a positive role in skeletal muscle growth and regeneration, is implicated in estrogen signal transduction (36, 53, 54, 94) . Studies on muscle repair following exercise-induced injury highlight a sex-based difference in which higher levels of muscle creatine kinase (indicative of injury) are observed in male than in female rats following injury. Following OVX, levels of muscle creatine kinase in females are similar to levels in injured males (3, 4, 8) .
Recent studies suggest a beneficial role for hormone replacement therapy (HRT), supplementation with estrogen and progesterone, and the induction of pathways by which estrogen can aide in skeletal muscle maintenance and repair (71) . In a test of physical performance, HRT leads to a significant increase in vertical jumping height in women compared with exercise alone and no treatment (85). Ronkainen et al. (76) found that HRT is associated with better mobility, greater muscle power, and favorable body and muscle composition in women ages 54 -62 (76) . A role for estrogen in the prevention of the inflammatory response, which can exacerbate muscle injury and inhibit recovery, is also suggested (3, 92) .
Influence of estrogen on muscle fibers. Estrogen has been shown to influence fiber size, overall muscle weight, muscle regeneration, and contractility, and to induce minimal changes in fiber-type distribution. OVX leads to an increase in overall body weight and muscle weight (68) , and a 70% increase in ER␣ mRNA with no change in ER␤ mRNA (7) . Soleus muscle weight increases after OVX in 10-wk-old female rats (68, 95) . Supplementation with estrogen following OVX leads to a reduction in body weight (62) and attenuates the increase in ER␣ mRNA (7) . In rat soleus and EDL muscles, OVX leads to a slight increase in the mean fiber diameter of type-I, -IIA, and -IIB fi- bers. Estrogen supplementation decreases fiber diameter in all fiber types in both the soleus and EDL significantly from OVX levels to below baseline levels (90) . There is no difference in fiber-type composition of the soleus of OVX mice (67) . However, in the mouse plantaris muscle, OVX does lead to a reduction in the relative amount of type-IIX fibers from 38% in sham animals to 33% (70) . Supplementation with estrogen increases the type-IIX percentage composition in the plantaris back to 42% (70) . Contractile regulation by estrogen. OVX rats supplemented with estrogen have also been analyzed for changes in contractile function (among other parameters). OVX induces a reduction in time to peak tension and increases time to 50% relaxation in rats, whereas estrogen replacement reverses the OVX-induced reduction in peak tension (62) . Analysis of contractile function in OVX mice reveals a significant decrease in maximal isometric tetanic force from sham levels (180 mN) to 168 mN (67, 68) . This decline is attenuated to 187 mN with estrogen supplementation (67) . In the gonadally intact female rat EDL, twitch tension is 41 g, which increases to 51 g following OVX but then decreases to 31 g in OVX animals treated with estrogen (90) . Since a strong actin-myosin bond will produce a greater force, this has been measured in muscles with and without estrogen manipulation. The fraction of strong binding myosin in OVX muscle is 0.263 or ϳ15% lower than baseline (67, 68) . Following estrogen treatment, the fraction of strongly bound myosin increases to 0.311, which is indistinguishable from sham levels (0.300) (67) . The relative strength of the bond between actin and myosin is proportional to the energy available for the production of force (44) . The differences in actin-myosin bond strength suggest that estrogen may play a role in increasing force production at the myofilament level.
In the studies referenced in the previous sections, there is no change in MyHC isoform expression or overall muscle fiber-type composition, but there are estrogen-related changes in fiber-type diameter, muscle size, contractility, and the actinmyosin interaction. Previous studies highlight the calcium-induced increase in force production in skeletal muscle and the subsequent decline in force following the removal of calcium (58, 91) .
Because of the OVX-induced decrease in tetanic force, which requires rapid replenishment and utilization of calcium stores, and the increase in fiber diameter, which could compensate for a decline in calcium sensitivity, calcium handling and sensitivity may be playing a role in the regulation of contractile differences in samples with and without estrogen. OVX induces a decline in twitch tension and slows twitch kinetics in the soleus (95) . Additionally, there is a decline in maximal tension produced in the soleus of 10-wk-old OVX rats (ϳ19%) and 14-wk-old OVX rats (ϳ20%) compared with sham (95) . These changes are not paralleled with changes in calcium sensitivity in OVX animals; however, the decline in the strength of the actinmyosin bond seen by Moran et al. (67) or a decline in calcium storage capacity following OVX remains uninvestigated.
Sex-based differences in fatigue. As stated previously, there is no sexually dimorphic expression in either ER␣ or ER␤ in skeletal muscle (98) . Estrogen is present in both males and females (albeit at different levels), and it is suggested to play a role in male sexual behavior and cognition (80) . ER␣-null mice have decreased tetanic tension of gastrocnemius and TA muscles in females compared with wild-type controls (14) . In an estrogen-elimination animal model (aromatase null), tetanic tension produced by the gastrocnemius muscle and TA is lower than in controls (14) . The role of ER␤ has been investigated through the use of ER␤-null mice (ER␤ Ϫ/Ϫ ) (49) . These data are summarized in Table 5 . Force production in soleus muscle declines slightly in ER␤ Ϫ/Ϫ but is not significantly different (33) . Contraction duration is significantly longer in the female soleus in both wild-type (91 ms) and null (100 ms) compared with male wild-type (57 ms) and null (63 ms) mice. Relaxation time during a basic contraction in the soleus is significantly shorter in wild-type males (104 ms) than in females (158 ms) and in null males (104 ms) compared with null females (191 ms). In the EDL, half contraction time during a tetanic twitch protocol lasts 40 ms in male wild-type mice and 46 ms in male ER␤ Ϫ/Ϫ , whereas in female wild-type, half contraction time lasts 50 ms compared with 61 ms in ER␤ Ϫ/Ϫ females (33) . Following a fatiguing protocol on soleus and EDL muscle, force decreases less in ER␤ Ϫ/Ϫ males than in wild-type males, whereas (33) . Overall, ER␤ deletion increases the contractile time and decreases the speed of contractile kinetics in both males and females. However, because baseline contractile duration is already longer in females than in males, ER␤ deletion simply exacerbates the wild-type phenotypes. During fatigue, where females typically have greater endurance, ER␤ elimination decreases the endurance in the female and enhances endurance in the male. This could be due to minute changes in fiber-type contribution, CSA, or changes in calcium-handling proteins. Taken together, these findings on estrogen and the ER-mediated regulation of the contractile response and fiber-type distribution suggest a role for estrogen and its receptors in contractile maintenance and function, with a differential effect of estrogen in males vs. females.
Testosterone
Testosterone is a highly studied androgen that is associated with an increase in muscle mass (66, 83) . With advancing age, testosterone levels drop, and testosterone deficiency is associated with early death, primarily from cardiovascular disease, a decrease in muscle mass and/or strength, and sexual dysfunction (46) . Testosterone has been shown to induce its effects through binding to intracellular androgen receptors (ARs) (34) , which then regulate gene transcription (18, 81) . Myoblasts treated with testosterone have enhanced hypertrophic responses via the PI3K pathway (23) . Testosterone supplementation leads to an increase in muscle mass and a decrease in fat content in hypogonadal men (13) . This response may be through a testosterone-induced increase in the number of satellite cells and thus hypertrophy (82, 83) . The testosterone-mediated proliferation and differentiation of satellite cells is thought to be due to an upregulation of follistatin and an inhibition of transforming growth factor-␤ (12) . ARs are widely expressed in myoblasts, myofibers, and motoneurons in both males and females (17, 100) , and testosterone injected into the masseter of female guinea pigs leads to an increase in fiber size (35) . Additionally, testosterone supplementation in postmenopausal women leads to a 50% increase in protein synthesis rate compared with no effect with estrogen treatment (87) . These anabolic effects of testosterone are well characterized and provide the catalysts for further investigation of the response of muscle fiber-type composition to testosterone deficiency and supplementation in males and females. Influence of testosterone on muscle fiber type and morphology. As mentioned earlier, studies of vastus lateralis biopsies show fiber-type CSA to be larger in men than in women. Specifically, type-I fibers are 19% larger, type-IIA fibers are 59% larger, and type-IIX fibers are 66% larger in men than in women (normalized to total biopsy section analyzed) (89) . In the adult guinea pig, castration produces atrophy of several muscles, including the latissimus dorsi, sternomastoid, and spinotrapezius (48) . In mice, castration produces a decrease in body weight, which is attenuated with testosterone supplementation, and although overall muscle weight increases, the fiber CSA of the soleus and TA do not significantly change (6) . However, there is a correlation between increases in fiber CSA and overall muscle mass. The role of testosterone on muscle fiber-type distribution has been, in part, determined through the analysis of the hypogonadal male and female mouse models. Analysis of fiber-type distribution in hypogonadal males vs. females reveals no significant changes in type-I, -IIA, -IIX, or -IIB fibers in gastrocnemius muscle or in type-I or -IIA fibers in the soleus (79) . Additionally fiber-type distribution of the gastrocnemius is relatively unchanged from wild-type mice, with I Ͻ IIX Ͻ IIA Ͻ IIB being the relative contribution of each fiber-type in males and females (79) . However, in other instances, IIB fiber-type diameter in male hypogonadal mice significantly declines compared with wild-type males. Surprisingly, in females, the hypogonadal phenotype leads to an increase in IIB fiber diameter compared with wild-type females (79) .
Sex-based differences in contractility. Testosterone is not typically associated with enhanced contractile function in that testosterone replacement is not associated with increased endurance. For instance, hypogondal and eugonadal men exhibit similar limb muscle strength and endurance during exercise (51) . The increase in strength associated with testosterone supplementation is thought to be due to its anabolic effects. Male AR-null mice have a decrease in muscle mass that is not seen in AR-null females (59) . Additionally, in AR-null males, force production decreases in fasttwitch fibers, whereas fatigue resistance increases in slow-twitch fibers to levels similar to wild-type females (59) . Unfortunately, the contractile function in AR-null females is not analyzed in this study. Analysis of mRNA reveals an upregulation of genes encoding slow-twitch muscle contractile proteins in AR-null mice (2, 59) . Because aromatase converts testosterone to estrogen (60), testosterone can induce its effects via either ERs or ARs, thus this contractile effect is thought to be mediated by the activation of ERs. Overall, the effects of testosterone deficiency are exacerbated in males compared with females. Testosterone deficiency leads to a decline in body mass, a decrease in fast-twitch fiber diameter, a conversion to slow-twitch fibers, and enhanced fatigue resistance in males but not females.
Conclusions
Sex-based differences in skeletal muscle fiber-type composition and function are apparent in numerous species and are present in specific anatomical locations. Here, we present findings on sexual dimorphisms present in the mammalian musculoskeletal system. There are four main MyHC isoforms present in adult mammalian muscle (MyHC-I, -IIa, -IIx, and -IIb), which increase in contractile speed in the presented order. There is a prevalence of slower type-I and -IIA fibers in females compared with males that parallels the lower contractile velocity in females compared with males. The prevalence of the slower-twitch fibers is also a benefit to female performance in that the slower oxidative fibers and higher oxidative capacity allow for increased endurance and recovery, highlighting the sex-based differences in response to fatigue or muscle tetanus. To explain the potential cause of differences in skeletal muscle performance and fiber-type composition, we also present the differential effects of increases and decreases in levels of thyroid hormone, estrogen, and testosterone. Although thyroid hormone induces a conversion from slow to fast fibers and increases contractile velocity, sex-specific hormones estrogen and testosterone are implicated in skeletal muscle growth, fiber size, and minimally in contractile function. Some reports highlight enhanced contractile function and increased ␤-oxidative gene expression in men supplemented with estrogen and enhanced muscle growth in females treated with testosterone (61) .
The identification of over 3,000 genes differentially regulated in male and female muscle highlights the complex differences that occur in skeletal muscle from both sexes (96) . In this study, the authors focus on two particular genes that are upregulated in women compared with men and that are known to code for proteins that are in signaling pathways of growth factors known to regulate muscle mass: growth factor receptor-bound protein 10 (GRB10) and activin receptor type-2A (ACVR2A). GRB10 codes for a protein that suppresses IGF-1, which has an anabolic effect, whereas ACVR2A codes for a myostatin receptor, which has a role in muscle size determination. GRB10 knockout in male and female mice produces an increase in muscle weight and a decrease in body fat percentage and thus enhances muscularity (86) . Another study reveals that knockout of ACVR2A causes muscle hypertrophy in female mice (55) . Further analysis must be done to validate the role of these newly identified targets in skeletal muscle sex differences. In this review, we present changes in fiber-type composition, size, and contractile function in males and females; however, one or two genes cannot be responsible for altering all of these factors. To fully validate a gene as regulating the sex differences, for instance, in fiber-type composition, a thorough in vitro and in vivo analysis must be completed to first understand how the gene is regulated, the proteins' function and interacting partners, and then how these interactions might lead to sexually dimorphic differences in muscle fiber-type composition and function. The complexity of skeletal muscle and the role of sex adding to that complexity cannot be overlooked.
Future Directions
The lack of studying both males and females in the laboratory has recently attracted the attention of the public and the NIH (20) . One recommendation made is that investigators report the sex of the animals or cell lines being studied. For instance, previous studies have identified sex as a determinant for the ability of muscle-derived stem cells to regenerate. Specifically, female muscle-derived stem cells regenerate more efficiently when transplanted into dystrophic mice (24) . Sex differences should be accounted for in studies of skeletal muscle composition, function, and adaptive responses to different forms of exercise training and regression. For example, FIGURE 1 depicts differences in fiber-type composition in male and female mouse hindlimb muscles. Further studies of these fiber differences in the context of skeletal muscle adaption should provide insight into the regulatory differences between the sexes. Another neglected area is epigenetic differences in males and females in skeletal muscle, and studies should be aimed at determining the role of hormonal interventions in males and females given their clinical relevance. Numerous skeletal muscle therapies are built based on results from studies in men alone or with only a small subset of women. Having an appreciation for the differences that exist between the sexes is the first step to understanding the mechanisms underlying these sex differences. This review summarizes key findings in skeletal muscle physiology in the hopes of bringing to the forefront areas of future research and sexual disparities in 
